A method is described for using the cross-linking reagent 4'-(hydroxymethyl)-4,5',8-trimethylpsoralen (HMT) to map base paired regions and higher-order structure within RNA molecules. Applying this method to yeast tRNA Pne , we have specifically identified cross-links within the acceptor stem between Ug X Ugg, in the D-stem between C^j X C^s, and in the TV-stem between U50 X C63 and U52 X C63. We have also identified a unique crosslink between Ug X C48 which are trans pyrimidines in the core region due to tertiary interactions between Ug:Ax4 and C48
INTRODUCTION
Determination of the structure of RNA molecules is crucial to our understanding of their biological function within a cell. Though detailed structural information can be obtained from X-ray crystallographic studies ( 1 ) , the elucidation of conformational changes which RNA molecules might undergo while functioning requires a different approach. Recently, structure-specific enzymes and chemicals have proven very useful for mapping both single-and double-stranded regions within a renatured P-end-labeled RNA molecule in solution (2-7). However, definitive evidence for which nucleotides are base paired, as well as, information regarding the proximity of specific nucleotides within the tertiary structure is unobtainable by this method. One method that may be useful in obtaining such information is psoralen cross-linking.
The family of furocoumarin derivatives known as psoralens have been used increasingly in recent years to study nucleic acid structure (8) (9) (10) (11) (12) .
The psoralen derivative 4'-(hydroxymethyl)-4,5' , 8-trimethylpsoralen (HMT)
is more water soluble and more reactive than the parent compound (9, 13, 14) , and has been used quite successfully in studies on RNA structure in solution (11) (12) (13) (14) . HMT is a planar heterocyclic molecule that can intercalate between the stacked bases. Upon irradiation at 365 nm, the intercalated molecule will undergo cyclophotoaddition to the 5,6 double bond of a pyrimidine to form a monoadduct. A small conformational change results with some partial unstacking, thus allowing for a second photoaddition reaction to occur with a pyrimidine in the opposite strand in an adjacent base pair.
This diadduct between trans pyrimidines can be reversed by irradiation at 254 nm (11) (12) (13) (14) (15) . The skillful use of HMT cyclophotoaddition in combination with photoreversal and subsequent fractionation of reversal products by polyacrylamide gel electrophoresis, has recently permitted mapping of base paired regions and higher-order interactions in Drosophila 5S RNA (11) and JS. coli 16S rRNA (12, 15, 16) . The assignment of which nucleotides are actually involved in the cross-link, however, relies in part on the assumption that cross-links occur predominately between uridines and requires the use of phylogenetic conservation data to rule out unlikely base paired regions (12) .
In this paper we report a method using HMT in conjunction with partial 32 ribonuclease digestion, in vitro P-end-labeling, and two-dimensional polyacrylamide gel electrophoresis to map base paired regions and higher-order interactions in RNA. Applying the method to yeast tRNA e , we have specifically identified cross-links within the acceptor stem between U, X 6
Ugs. in the D-stem between CJJ X C^c. and in the TV-stem between U50 X C63
and U52 x C 63' We have also identified a unique cross-link between Ug X C^g which are trans pyrimidines in the core region due to tertiary interactions between Ug = A. , and C.QIG.,-. The precise point of cross-linking can be deduced in every case using purine-specific U-ribonuclease and in some cases, cytidine-specific CL3 RNase which will cleave after photoreversed pyrimidines. The ability to map the precise point of cross-linking should prove useful in identifying nucleotides in close proximity within the tertiary structure of-other RNA molecules. 
Partial Digestion with T-^ Ribonuclease
The psoralen-reacted tRNA e was pelleted by high speed centrifugation according to the method of Shapiro (19) . were reproducible and of high enough specific activity to sequence enzymatically. The nucleotide sequences of these oligonucleotides are listed in Table I . Most of these fragments were useful in mapping pyrimidines likely involved in HMT cyclophotoaddition reactions. However, the photoreversal products which were structural counterparts and generated the most useful Table II .
The cross-linked nucleotides within these counterparts were assigned based on three criteria: i) determination of the most stable base pairing interaction, between counterparts.
ii) location of all possible trans pyrimidines within the putative helix, iii) identification of the trans pyrimidines cleaved anomalously with U2 and CL3 ribonucleases.
The base pairing interaction and the cross-link between fragments #17
and #19 ( Figure 2B ) were determined using the polyacrylamide sequencing data shown in Figure 4 . Fragment #17 (Gj-G,,-) contains the 5'-end of both the acceptor and D-stems, while its counterpart, fragment #19 (.UTA^Q-A-JC) contains the 3'-end of the acceptor stem, as well as, the TVC-stem. The most stable and the most likely association between these two oligonucleotides is indicated in Table II . The two possible trans pyrimidines within the putative helix are Ug X Ugg and C, X C-JQ. In Figure 4 , purine-specific U2 ribonuclease cleaves after Ug and Vy of fragment #17, as well as, Ugg and and //17/#19, respectively, were too impure for sequence analysis (Table I ).
TABLE II NUCLEOTIDE SEQUENCES FOR THE 5'-"P-OLIGONUCLEOTIDES OF YEAST tRNA PKi MIGRATING AS COUNTERPARTS ABOVE THE DIAGONAL WITHIN THE 2D POLYACRYLAMIDE GEL (•) INDICATES
The region encompassed by fragments #11 and #17 is also present in another fragment #25 (Cj-G^) of Figure 2B . Fragments #27 (A21-G42) an< * Figure 5 . Autoradiograms of sequencing gels for the structural , counterparts //25 and #28 from the D-stem of yeast tRNA The circled pyrimidines were anomalously cleaved with either U 2 or CL3 RNase.
#28 (A» -G,_) are migrating as counterparts to fragment #25. Figure 5 shows polyacrylamide sequencing gel analyses for the counterparts #25 and #28. The most stable base pairing scheme between these two fragments is shown in Table II . The only trans pyrimidines occurring within the proposed helix are C,, and C,,. Both of these pyrimidines are cleaved by U2 RNase as shown in Figure 5 . In fact, C-c is the only psoralen modified pyrimidine present in both fragments #28 and #27. This data indicates that the D-stem Phe within yeast tRNA can also be cross-linked with HMT by forming a diadduct between the trans pyrimidines C., X C-c. It is noteworthy that both U, and Ug in fragment #25 are also cut with U~ RNase (Figure 5 ). These cleavages could be due to retention of psoralen monoadducts or again be a result of photoreversal from an unidentified oligonucleotide. The only other fragment within this set having a high enough specific activity was #26 (U,y-G,,.), which does not appear to be a structural counterpart to #25, #27, or #28. The anomalous cleavages occurring after U50 and U52 in fragment #26 (Table I) , may indicate that it was cross-linked to a yet unidentified counterpart. s Figure 7 . Autoradiograms of sequencing gels for the structural counterparts #20 and #21 from the core region of yeast tRNA
JPhe
The circled pyrimidines were anomalously cleaved with either U2 or CL3 RNase.
The nucleotide sequence of fragment #26 ( U A 7~G65 ), nevertheless, reappears within fragment #23 (A,,-A,,). Within this set of oligonucleotides indicated in Figure 2B , fragment #22 is likely its structural counterpart as shown in Figure 6 . The best base pairing scheme between these two oligonucleotides is given in Table II . Three cross-links are possible within this putative helix (U 5Q X C^, U 52 X C^, and V X C, ) . U RNase, however, recognizes and cleaves U c _, U c _, and C,_, but not C., . In summary,
J\J DA oj ol this data suggests that the Ti|j-stem can also be cross-linked with HMT by formation of diadducts between either U,_ X C,, or U co x C,_, but less likely jU oJ DZ OJ between U,. X C,, .
J£. Ol
Fragments #20 and #21 are also present within the same set of photoreversal products ( Figure 2B ). Nucleotide sequence analyses of these oligonucleotides is shown in Figure 7 . The only satisfactory duplex that can shown in Figure 8 demonstrates the absence of cleavage by U_ ribonuclease at cytidine and uridine residues designated to be psoralenmodified in Tables I and II . Although weak cleavages after Ug.Uy, and U g with CL3 ribonuclease are present (22) , the relatively strong cleavage after Ug in psoralen cross-linked RNA is noticeably absent in the double-irradiated RNA.
The nucleotide sequences for fragments Bi-Bc migrating below the diagonal in Figure 2 are summarized in Table I . The complete sequences of B^ and B^, however, could not be determined due to apparent sequence divergences. These divergences are likely caused by unreversed cross-links still retained within the fragment, possibly explaining their slower migration within the second dimension.
DISCUSSION
The location of each cross-link within the tertiary structure of yeast Phe tRNA is shown in Figure 9 . It is clear in every case that the pyrimidines cross-linked by HMT are all trans to one another. Since HMT is more likely to intercalate in helical regions with small bulges and partial unstacking (11), the G^:Ugg wobble base pair within the acceptor stem contigous to the Figure 9 . Designation of the psoralen cross-linked pyrimidines within the tertiary structure of yeast tRNA Pne . The polynucleotide backbone is reduced to a thin line with the short boardlike structures representing unpaired bases and the longer boards representing base pairs. U(S x U 68 cross~l * n k ma Y promote HMT intercalation within this region. The variety and quantity of HMT cross-links found attests to the sensitivity of this method. Not only was every major stem, excepting the anticodon arm, cross-linked but cross-links between uracil and cytosine, as well as, between two cytosines were detected. To our knowledge this is the first report of a C-C cross-link (CJI X C25), and the third report of a C-U psoralen cross-link (11, 23) .
The cross-linking method detailed in this paper is in principle similar to that used by Turner, et. al (15) for uniformly P-labeled 16S rRNA.
However, the use of in vitro P-end-labeling in conjunction with enzymatic sequence analysis of the P-end-labeled photoreversal products allows for specific mapping of the cross-linked nucleotides. The ability of both purine-specific U2 ribonuclease and cytosine-specific chicken liver RNase (CL3) to recognize and cleave the psoralen modified pyrimidines, is probably due to an unreversed HMT monoadduct. The electrophoretic mobility of these modified pyrimidines is, in most instances, slower than unreacted nucleotides on sequencing gels (Figures 4-7) . The ring structure of the psoralen modified pyrimidine somehow may mimic a purine and therefore be cleaved by U2 RNase. Likewise, an HMT modified uridine may be recognized and cut with CL3 ribonuclease. Though the presence of HMT modified pyrimidines within photoreversed fragments is probably due to both monoaddition (14) as well as, diadduct reversal, these pyrimidines now become candidates for selecting which nucleotides are cross-linked within two structural counterparts. The ability to map the precise point of cross-linking should prove invaluable in identifying nucleotides in close proximity within the tertiary structure of other RNA molecules.
